The fundamental OD center in TiO 2 has been studied by infrared absorption spectroscopy and by theory. 
I. Introduction
The properties of interstitial H (H i ) in rutile TiO 2 have been studied over many years, and several significant results have emerged: (1) H i attaches to a single lattice O such that the O-H bond lies perpendicular to the c axis of the rutile lattice.
1,2 (2) H i diffuses readily along the large interstitial channel in the c-direction, which makes its existence at room temperature puzzling. [3] [4] [5] (3) OH and its isotopic siblings OD and OT exhibit strong fundamental stretch modes with unusually large anharmonicity. 6 Furthermore, recent EPR experiments on neutral H i as well as on F substituting for O in mildly reduced TiO 2 show a characteristic that is unusual in most materials, especially semiconductors: the spin associated with the unpaired electron in each case is localized on a single Ti, rather than being spread out over many sites. 7, 8 Finally, while the classic vibrational spectra reported by Bates and Perkins 6 show a single sharp line for each isotope (2445 cm -1 for OD), more recent results of Herklotz et al. 9 reveal IR lines for OD at 2445.0, 2445.7, and 2447.8 cm -1 whose relative intensities are strongly dependent on temperature. Herklotz et al. have proposed that the OD center (and also OH) is a shallow donor and have assigned the multiline structure to its two different charge states. In addition, they found the changes in the intensities of these OD lines to be correlated with the temperature dependence of additional broad absorption that was attributed to free carriers 10 introduced by the OD (or OH) shallow donor.
In order to address these and other significant questions concerning the nature of H i in TiO 2 , we have carried out further experimental and theoretical studies. In the present work we focus on the OD center rather than OH because the IR lines for OD are sharper and reveal greater detail. We carry out highresolution vibrational spectroscopy as a function of temperature to gain insight into the different vibrational properties seen for OD in TiO 2 in the 1970's and in recent studies and into how these results might be interpreted. polarizer. An Oxford Instruments CF1204 cryostat with He contact gas was used for making temperature dependent measurements between 4 K and 60 K.
IR spectra are shown in Fig. 1 (a) for TiO 2 samples taken from the collection that had been prepared by BP in the 1970's (and stored in dated sample boxes). The lower spectrum shows three partially resolved OD lines similar to the recent results of Herklotz et al. 9 The upper spectrum shows a single sharp OD line at 2445.0 cm -1 similar to the results of BP. 6 IR spectra are shown in Fig. 1 
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We focus first on the samples treated at Lehigh whose spectra are shown in Fig. 1 Our measurements show that not all of these samples were fully oxygenated and that samples also containing neutral OD centers can be found among the collection of BP. Many of their spectra were measured at 77 K. In this case, the multiple line structure could easily have been missed even if present because of the overlapping line shapes. Presumably, IR results reported for samples measured at 10 K by BP were for samples that had been fully oxygenated and the additional lines due to the neutral OD center
were not detected. This resolves the puzzling discrepancy between the results of BP 6 and those of Herklotz et al. 
The slope of the curve in Fig. 4 at low temperature (<10 K) yields the energy E 2 = 0.5 meV. The slope of the curve in Fig. 4 at higher temperatures (>35K) yields the energy E 3 = 11 meV. The yintercepts for the curve shown in Fig. 4 provide relationships between the g i and p i parameters.
Furthermore, these g i and p i parameters have been adjusted to provide the fit to the line intensities shown in Fig. 3 . These fits show that the parameters p i vary by only small factors near 1, consistent with the expectation that different OD configurations should have similar oscillator strengths. Our fits also show that the levels E 1 and E 2 have similar degeneracies of order one. However, the sharpness of the transition between ascending and descending slopes seen for log[A(ω H )/A(ω L )] vs T -1 in Fig. 4 [28] [29] [30] in which either correlation or hybridization was included in the density functional formalism. We use these and other results to address the origin of the energy levels that emerge from analysis of the experimental results.
First we consider the three common sources of small splittings in vibrational spectra: (1) different heavy-atom isotopes, (2) H or D tunneling, (3) hindered rotation. Heavy-atom isotope shifts may be ruled out immediately because the isotopic abundances of 17 O and 18 O are too small to explain the observed spectra, and, also any splitting associated with "heavy" oxygen would be much larger than observed.
Tunneling is also ruled out as the result of detailed calculations. and even if that were not taken into account, the splitting would be orders of magnitude too small. In simple terms, the O-O distance across the channel is just too large for H or D to tunnel from one to the other. Rotational effects are also ruled out because the symmetry of rutile is so low that there is no axis of rotation for the OH complex lying in the xy plane. Attempts to simulate this using CRYSTAL06 yielded no productive results.
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Instead, we believe that the energy splitting is associated with the near degeneracy of the smallpolaron electron that arises from H i and can localize on different Ti. This idea is consistent with EPR results 7, 8 that exhibit such localization on two distinctly different Ti atoms, depending on whether the electron comes from H i or from substitutional F. The differences between the energies found by theory for configurations with the electron localized on different Ti are too small for theory to reliably determine their order. 32 So the guidance of theory is general and not specific. Nonetheless, the combination of theory with experiment leads us to attribute the small splittings that are seen in IR experiments to smallpolaron effects that are unique to TiO 2 .
In the context of the model shown in Fig. 4 to explain our experimental data, we propose that for E 1 the electron is localized on Ti 1 , consistent with EPR studies of neutral H at low temperature. 8 For E 2 it is localized on Ti 2 . For E 3 it is localized on Ti 3 or Ti 3 ', or on any one of many more distant Ti. This small polaron model provides a physical explanation for the three configurations with different energies that are required to explain the temperature dependence of our IR data. 32 And the possibility that the electron can be localized on more distant Ti without affecting the OD frequency or energy of the configuration accounts for the high degeneracy found for E 3 (ref. 33).
IV. Conclusion
Our experimental results for OD in TiO 2 explain the difference between the IR spectra reported by
Bates and Perkins 6 in the 1970's and those of the recent study of Herklotz et al. 9 We find results similar to BP for samples that are fully oxygenated to produce a charged OD -center, whereas we find results similar to those reported by Herklotz et al. for samples reduced by annealing in D 2 to produce neutral OD.
While our temperature dependent IR data for the neutral OD center in TiO 2 are similar to the results reported by Herklotz et al., 9 we favor a different interpretation of these results. followed by an anneal in flowing oxygen (2 h at 800 °C). The samples in (b) were deuterated by annealing in a D 2 ambient (4 h at 500 °C). The lower spectrum was measured without further annealing.
The upper spectrum was measured following a subsequent anneal in air (30 min at 500 °C). 
